The effects of imposed proton motive force on the kinetic properties of the alkalophilic BaciUus sp. strain N-6 Na+/H+ antiport system have been studied by looking at the effect of A4 (membrane potential, interior negative) and/or ApH (proton gradient, interior alkaline) on Na+ efflux or H+ influx in right-side-out membrane vesicles. Imposed A* increased the Na+ efflux rate (F) linearly, and the slope of V versus A* was higher at pH 9 than at pH 8. Kinetic experiments indicated that the A* caused a pronounced increase in the VM.X for Na+ efflux, whereas the Km values for Na+ were unaffected by the A*. As the internal H+ concentration increased, the Na+ efflux reaction was inhibited. This inhibition resulted in an increase in the apparent Km of the Na+ efflux reaction. These results have also been observed in ApH-driven Na+ efflux experiments. When Na+-loaded membrane vesicles were energized by means of a valinomycin-induced inside-negative K+ diffusion potential, the generated acidic-interior pH gradients could be detected by changes in 9-aminoacridine fluorescence. The results of H+ influx experiments showed a good coincidence with those of Na+ efflux. H+ influx was enhanced by an increase of A* or internal Na+ concentration and inhibited by high internal H+ concentration. These results are consistent with our previous contentions that the Na+/H+ antiport system of this strain operates electrogenically and plays a central role in pH homeostasis at the alkaline pH range.
Except in the case of some bacteria (6, 13) , it has been generally accepted that the Na+/H+ antiporter plays a role in pH homeostasis of bacterial cells in an alkaline environment (11, 15, 27) . In our previous paper (12) , we reported that in alkalophilic Bacillus sp. strain N-6, Na+-or Li'-loaded right-side-out vesicles acidified the interior after the addition of respiratory substrates, ascorbate plus tetramethyl-p-phenylenediamine. Na+ was also extruded from Na+-loaded vesicles in the presence of electron donors. Furthermore, Na+ was extruded upon imposition of an outwardly directed K+ diffusion potential (interior negative). These results suggested that the Na+/H+ antiporter system in this strain operated electrogenically and played a role in pH homeostasis at alkaline pH range. The Na+/H+ antiporter has been assayed in bacterial membrane vesicles by several approaches (14) , including assaying (i) the effect of Na+ on H+ efflux from everted membrane vesicles in the presence of electron donors (5, 22, 25) , (ii) the effect of Na+ on H+ influx into right-side-out vesicles (24) , and (iii) Na+ efflux from Na+-loaded right-side-out vesicles by imposed ApH (interior alkaline) and/or imposed A* (interior negative) (3, 4).
As mentioned above, 22Na+ was extruded from 22Na+-loaded right-side-out vesicles in Bacillus sp. strain N-6 upon imposition of Ai (interior negative). If this Na+ efflux is coupled with H+ influx into vesicles through an Na+/H+ antiporter system, the acidification of the interiors of the vesicles could be observed with the imposition of Aqi (inside negative). In the present study, the kinetic properties of the electrogenic Na+/H+ antiporter system in this strain were investigated by examining both Na+ efflux and H+ influx upon imposition of A* (inside negative).
MATERIALS AND METHODS
Cell culture and preparation of membrane vesicles. Alkalophilic Bacillus sp. strain N-6 was grown at 37°C in an alkaline * Corresponding author. medium (pH 10) with shaking as described previously (11) . Right-side-out membrane vesicles were prepared by following the osmotic shock procedure described by Kaback (9) .
Determination of ApH generation of right-side-out membrane vesicles. The ApH formation (inside acid) with membrane potential (inside negative) was determined as follows. Right-side-out membrane vesicles prepared in TM medium (20 mM Tris chloride and 5 mM MgSO47H2O) containing appropriate amounts of KCl and NaCl at pH 9 were concentrated to about 20 mg of protein per ml with the same buffer. Aliquots (2.5 ,ul each) of vesicle suspension were diluted into 2 ml of TM medium containing 100 mM choline chloride, 10 ,uM 9-aminoacridine (9-AA) and 10 p.M valinomycin at pH 9, and the change of 9-AA fluorescence was monitored with a Hitachi 650-40 fluorometer with excitation at 364 nm and emission at 454 nm. 22Na' efflux experiments. 22Na' efflux experiments were performed by following the time-dependent decrease in intracellular 22Na+ contents of 22Na+-loaded membrane vesicles. Right-side-out membrane vesicles were prepared in TM medium (pH 7, 8, or 9) containing 100 mM KCl and 1 to 10 mM NaCl and then suspended in the same buffer at a final protein concentration of 20 mg/ml. Then, a small portion of carrier-free 22NaCl was added to the vesicle suspension (5,200 cpm/nmol), and the suspension was incubated on ice for 2 to 3 h. The concentrated vesicles (2.5 p.l) were diluted into 1 ml of TM medium containing 100 mM choline chloride and 2 ,ul of valinomycin. At given times, the 22Na+ efflux reaction was terminated by filtering the diluted samples. The filter was washed once with 4 ml of Tris-KCl solution. The radioactivity retained by the filters was determined by liquid scintillation spectrometry.
Determination of membrane potential. The diffusion potential (inside negative) was measured by assaying the quenching of rhodamine 6G (2) . The experimental condition was the same as that for ApH determination, except that rhodamine 6G (10 ,uM) Protein determinations. Protein amounts were determined by the methods of Lowry et al. (19) , with bovine serum albumin as a standard.
Chemicals. 22NaCl (carrier free) was obtained from New England Nuclear Corp. Valinomycin and gramicidin were from Sigma Chemical Co. 9-AA and rhodamine 6G were purchased from Nakarai Chemicals and Merck AG, respectively. All other chemicals were obtained commercially at the highest level of purity available.
RESULTS
Effects of imposed A* on 22Na' eflux at different external pHs. It is well established that the generation of proton motive force across membrane vesicles promotes a net efflux of Na+ and that the extent of acceleration in Na+ efflux rate correlates with the magnitudes of proton motive force (3, 4) . Figure 1 shows the effects of imposed A4 (interior negative) on the rate of 22Na' efflux from right-side-out membrane vesicles in Bacillus sp. strain N-6 loaded with 5 mM 22Na' and equilibrated in TM buffer at pH 8. The experiment was performed at pH0ut values of 7, 8, and 9, and the 22Na+ efflux was monitored by following the decrease in internal 22Na' concentration which took place upon imposition of the membrane potential (interior negative). The data show that 22Na' efflux is enhanced by the generation of a A* at all external pH values (pHout values of 7 to 9). The imposed 4ipH (interior alkaline; pH0,t 7) promotes an increase of 2 Na+ efflux, while the reversed ApH (interior acid; pH.ut 9) decreases the efflux. This observed effect of A, and ApH on 22Na' efflux shows that the outward Na+ movement would be limited by the inward movement of H+ and that the generation of proton motive force favorable to H+ influx would increase Na+ efflux.
Effects of the magnitude of the A* on 22Na' efflux. Figure 2B shows the effect of the magnitude of the A, on 22Na' efflux at pH5938 KITADA AND HORIKOSHI (Fig. 4B ). This result is clearly consistent with the one from 22Na' efflux experiments. Figure 5 shows the effect of internal Na+ concentration on the H+ influx. The H+ influx was measured in Na+-loaded (O to 50 mM) vesicles. Upon imposition of A*, there was an increase of H+ influx proportional to Na+ concentration. Figure 6 shows the effect of the magnitude of A* on H+ influx. H+ influx increased as the imposed A* was increased.
Li' inhibition. As mentioned in the previous paper (12) , Li' could substitute for Na+ in the Na+/H+ antiporter.
Thus, the effect of Li' on H+ influx and 22Na' efflux was inhibition of 22Na' efflux from vesicles at pH 9. Dixon analysis of the inhibition data suggested that Li' was a competitive inhibitor of 22Na' efflux, with a Ki of 2.5 mM (data not shown).
DISCUSSION
The results of this study indicate that right-side-out membrane vesicles possess an electrogenic Na+/H+ antiporter that may bring about the net uptake of medium H+ and the net secretion of interior Na+. Electrogenic net positive charge transfer across those membranes appears to be attained by membrane potential (interior negative). The kinetics of the 22Na' Al increases the Vm., whereas the Km for Na+ is unaffected by the A+. Similar experiments were also conducted with the right-side-out membrane vesicles of Escherichia coli (3, 4) or starved cells of Bacillus alcalophilus (8) . Our results agree with these findings. The result for the pH dependence of 22Na+ efflux from B. alcalophilus cells was slightly different from our results. When pHin was 9, there was a small variation in the rate of 22Na' efflux at pH.., values of from 7 to 9 in the presence of imposed A+. In contrast, 22Na+ efflux from Bacillus sp. strain N-6 was enhanced by the addition of ApH in the presence of A+. Since it is well recognized that Na+ efflux through the activity of the Na+/H+ antiporter is driven by proton motive force, it is reasonable that Na+ efflux increases with the magnitude of proton motive force. A similar result was observed in 22Na+ efflux from vesicles of E. coli (3, 4) . Na+ efflux was also driven by imposed pH gradients (ApH, interior alkaline). In this experiment, A& was not generated at all because of the presence of high K+ concentrations (100 mM) on both sides of the membrane vesicles, together with valinomycin. Bassilana et al. (3) have created artificial ApHs by imposing outwardly directed acetate diffusion gradients (10, 18) . On the other hand, ApH can also be imposed by suspending membrane vesicles equilibrated with lower pH into higher pH, which is usually used in ApHdriven Na+ influx by eukaryotic cells (1, 7, 21) or reconstituted vesicles (26) . Since there was no big difference in the 22Na' efflux between these two methods, we used the latter method throughout this experiment. The results show that the 22Na+ efflux is controlled only by internal H+ concentration and independently of energy sources, i.e., A* or ApH. Since the role of the electrogenic Na+/H+ antiporter in this strain was to lower the internal pH in an alkaline medium, it was very important to show that there was H+ influx coupled with Na+ efflux upon imposition of a A+. We measured the fluorescence quenching of 9-AA to monitor the inward flux of protons. Although we did not measure H+ influx directly, we considered the observed quenching of 9 The addition of monensin to Na+-loaded vesicles caused 9-AA quenching. These results suggest that the fluorescence quenching of 9-AA resulted from the formation of reversed ApH through the electrogenic Na+/H+ antiporter. Similar results were also obtained by using acridine orange or quinacrine. However, we should pay attention to the possibility that the observed H+ influx (the 9-AA quenching) occurred through different mechanisms. Reenstra et al. (23) observed H+ influx in brush border membrane vesicles without Na+ inclusion upon imposition of A+. They considered this H+ influx to have occurred through a membrane potential-sensitive path. In starved cells of B. alcalophilus, Na+-dependent H+ movement could not be demonstrated because appreciable H+ influx occurred with generation of a diffusion potential, even in the absence of internal Na+ (8) .
On the other hand, if the vesicles did not contain Na+, there was little fluorescence quenching of 9-AA in right-side-out membrane vesicles of Bacillus sp. strain N-6 upon imposition of A+. Therefore, it is evident that the quenching of 9-AA fluorescence in membrane vesicles with Na+ inclusion upon imposition of A* results from the uphill H+ influx through the Na+/H+ antiporter. This result supports the conclusion that the electrogenic activity of Na+/H+ antiporter contributes to the acidification of the cell interior of alkalophilic Bacillus sp. strain N-6. Other alkalophilic bacteria have also showed the electrogenicity of the Na+/H+ antiport system (16, 20) .
We have isolated a DNA fragment from alkalophilic Bacillus sp. strain C-125 which is able to recover alkalophily in an alkali-sensitive mutant, strain no. 38154 (17) . We consider at present that this DNA fragment is closely related to the Na+/H+ gene, because the parent strain and its transformant (pALK 2) possess electrogenic Na+/H+ antiporter activities, while the mutant does not (lla). Therefore, it has become possible to isolate the Na+/H+ antiporter gene by analyzing this DNA fragment.
